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Summary
Four-year old clones (FG1 and FG11) of teak (Tectona grandis Linn. f.), differing in rejuvenation capacity were grown in glazed earthenware pots. Drought treatments were imposed by withholding water for 20 days and rewatered to the field capacity daily for 5 days and the possible role of biochemical alteration and antioxidant metabolism in conferring photosynthetic capacity was determine by measuring photosynthetic traits, cellular damage and assaying activities of the superoxide dismutase (SOD) and peroxidase (PER) enzymes. Growth, relative water content (RWC), net photosynthetic rate (Pn), stomatal conductance (gs), chlorophyll fluorescence (Fv/Fm) and chlorophyll a, b, total chlorophyll and soluble protein content decreased significantly with increasing drought treatments from 5 to 20 days. Droughtinduced stress significantly increased the carotenoids content, relative electrolyte leakage and malondialdehyde (MDA) content, and, at the same time, accumulated free proline, free amino acid and soluble sugars in both clones. After re-watered to the field capacity daily for 5 days, both clones were shown significant recovery in the studied parameters. As compared with the FG11, the FG1 clone was more tolerant to drought as indicated by higher level of antioxidant enzyme activities as well as lower MDA content and electrolyte leakage. Similarly, drought stress caused less pronounced inhibition of Pn in FG1 than in FG11 clone. After re-hydration, the recovery was relatively quicker in FG1 than in FG11 clone. FG1 clone showed significant recovery in maximum quantum yield or photochemical efficiency of PSII (Fv/Fm) after 5 days of re-watering. The FG11 compared to the FG1, the former clone was less tolerant to drought than the latter. These results demonstrated that the different physiological strategies including antioxidative enzymes employed by the FG1 and FG11 clones of T. grandis to protect photosynthetic apparatus and alleviate drought stress. Furthermore, this study also provides ideas for teak improvement programmes and may be useful in breeding or genetic engineering for their tolerance to drought stress. 
Introduction
Among naturally occurring abiotic stresses, drought is one of the most widespread global environmental problems leading to low water availability for plants. Drought causes significant losses in growth, productivity of plants, and finally their yields (LUDLOW and MUCHOW, 1990; JONES and CORLETT, 1992) . Global climate change will likely make water scarcity an even greater limitation to plant productivity across an increasing amount of land. It is expected that extreme weather conditions, particularly in terms of temperature and precipitation, will be more frequent in the future. Fluctuations in water availability, including periods of drought, may become more common, and due to this the available water in the soil is reduced and adverse atmospheric conditions are cause of continuous loss of water in plants (SAXE et al., 2001) . It is well known that drought affects morphological, physio-biochemical and molecular processes in plants resulting in growth inhibition, stomata closure with consecutive reduction of transpiration, decrease in chlorophyll content and inhibition of photosynthesis, protein changes and differential responses of antioxidative enzymes (ZHU, 2002; ASHRAF et al., 2004; YIN et al., 2005; DUAN et al., 2005; XIAO et al., 2008; CHAVES et al., 2009) to cope with osmotic changes in their tissues. Teak (Tectona grandis Linn. f.) wood is considered, the noblest among the all timber producing not simply because of its golden hue and wonderful texture, but even more because of its durability. It occurs naturally only in India and its neighboring countries, and is naturalized in Java, Indonesia, where it was probably introduced some 400 to 600 years ago. In addition, it has been established throughout tropical Asia, as well as in tropical Africa, Latin America and the Caribbean. Teak has also been introduced in some islands in the Pacific region and in northern Australia at trial levels. At present, it is a diverse and widely distributed genus (TEWARI, 1992; PANDEY and BROWN, 2000) , and has been extensively clonally propagated (HUSEN and PAL, 2003 a, b, c, 2006 , 2007a HUSEN, 2008a) . Its growth is often affected by a number of ecoclimatic factors in India (TEWARI, 1992) .
It is well documented fact that one of the primary physiological consequences of drought is photosynthesis inhibition (CHAVES, 1991; LAWLOR, 1995) . There is now considerable consensus that reduced CO 2 diffusion from the atmosphere to the site of carboxylation in the leaf, as a result of both stomatal closure and reduced mesophyll conductance, is the main cause of decreased photosynthesis under most water stress conditions (GRASSI and MAGNANI, 2005; FLEXAS et al., 2006 FLEXAS et al., , 2007 . Stomatal closure leads to lowering of the influx of CO 2 resulting in inactivation of electron transport reactions in leaves (LAWLOR, 2002) . This inequity between electron transport and CO 2 fixation rates may result in over-reduction of the components of the electron transport chain and hence, facilitates the transfer of electrons to reactive oxygen species (ROS), including superoxide radical, hydroxyl radical and hydrogen peroxide (BAISAK et al., 1994; POLLE and RENNENBERG, 1994; ITURBE-ORMAETXE et al., 1998) which ultimately leads to oxidative stress (ASADA, 1994; BAISAK et al., 1994) . High concentration of ROS causes oxidative damage to photosynthetic apparatuses, bio-molecules such as lipids, proteins and nucleic acids, leakage of electrolytes via lipid peroxidation, which results in the disruption of the cellular metabolism (ASADA, 1994; REDDY et al., 2004; ANJUM et al., 2008) . Plants protect cellular and sub-cellular system including photosynthetic apparatus from the cytotoxic effects of active oxygen radicals with antioxidative enzymes such as superoxide dismutase, catalase, ascorbate peroxidase and peroxidase, and low molecular weight antioxidants (ascorbate, glutathione, proline, carotenoids, α-tocopherols and phenolics etc.) (ALSCHER et al., 2002; REDDY et al., 2004) . These components help plants to cope with the menace of ROS, thus minimizing the oxidative damages, during exposure to stress factors including drought (FOYER et al., 1994; XIAO et al., 2008 XIAO et al., , 2009 . Furthermore, reports are also available on drought-induced accumulation of osmolyte compounds such as inorganic ions (especially K + ), sugars and amino acids (e.g. proline) within the cell is often associated with a possible mechanism to tolerate the harmful effect of water stress (TURNER and JONES, 1980; ELSHEERY and CAO, 2008; XIAO et al., 2009) . These accumulations of osmolytes in plant cells might contribute, via lowering the cell osmotic potential, to maintain several physiological processes under drought stress (BAJJI et al., 2001) or important in adaptive processes, i.e. osmotic adjustments XIAO et al., 2008 XIAO et al., , 2009 ).
The frequency and intensity of droughts is increasing in tropical regions due to high irradiance and high temperature, which may leads to alterations in growth, photosynthesis and antioxidative defence system in various plant species. Like many other plant species that grow in the tropical environments, teak plantations are also exposed to long periods of drought stress. Therefore, it hypothesized that there would be a large set of parallel changes in the morphological, physiological and biochemical responses when plants were exposed to drought stress, these changes may enhance the capability of plants to survive and grow during drought periods. The objective of this study was to compare the effect of water-withholding and subsequent re-hydration on growth, photosynthetic gas exchange, chlorophyll fluorescence, osmotic compound accumulation, membrane peroxidation and antioxidant enzyme systems in two teak clones to determine which clone is more tolerant to drought, and to aid in breeding and genetic engineering programmes for drought resistance.
Materials and Methods

Experimental site and plant material
The study was conducted at the Plant Physiology nursery of New Forest campus (30°20'40"N, 77°52'12" E at 640 m above mean sea level), Forest Research Institute (FRI), Dehra Dun, India. Plantlets (clones FG 1 and FG11) of Tectona grandis Linn. f. (Verbenaceae) was obtained from the rooted cuttings (HUSEN and PAL, 2003a) . The rooted cuttings were transplanted in polybags (9'' x 6'') in July 1999, filled with the mixture of loam soil, sand and farmyard manure in 2:1:1 (1.5 kg). These polybags with rooted cuttings were kept inside a green house; the upper portion of the green house was covered with green plastic shade, while the other parts remained open. In January 2003, both clonal materials (healthy and approximately equal height) were transferred to the glazed earthenware pots (9'' x 9'') @ 4.00 kg medium per pot. Standard method was used to analyze the soil, e.g. pH in water, N by micro-Kjeldhal method (JACKSON, 1962) , P by KURTZ and BRAY method (1945) , C by WALKLEY and BLACK method (1934) , and Ca, Mg, Na, and K by atomic absorption. Soil texture was determined by the methods of BOYOCOUS (1962) . Data are presented in Table 1 . Complete protection was provided against diseases and insects by foliar spray with insecticides and fungicides, as and when required. Further these plants were maintained carefully by regular watering and weeding.
Growth condition and experimental design
Experiment was executed inside the green house as described above. Four-year old healthy clones of uniform height were obtained. Drought and re-hydration treatment was conducted from 2 to 26 July 2003, twenty-five potted clones were used for each treatment and in total 125 plants of each clone (FG1 and FG11) were taken. FG1 and FG11 clones were differing in their rejuvenation capacity (HUSEN and PAL, 2003a) . The completely randomized factorial design was used for this experimentation. Five replications, each of five plants (5 x 5 = 25) were used for each treatment. All the plants were irrigated to the field capacity on the day prior to the start of the drought treatment. Drought was imposed by withholding water for 20 days. Immediately after these 20 days, all the plants were re-watered to the field capacity daily for 5 days (stress relief phase). Pot soil surfaces were covered with rice mulch to minimize evaporation, thus allowing a slower establishment for the water stress. The soil of the pots was mulched with plastic to avoid roots spreading into the ground. During drought and re-hydration treatment inside the green house, the relative humidity was 78 ± 2 % while maximum and minimum day/night temperature was 33 ± 1 and 23 ± 1°C respectively.
Determination of growth and physiological parameters
The growth and physiological measurements were done on the day before treatment (control), on 5, 10, 15, 20 day since the initiation of the drought treatment and subsequent 5 day of re-hydration. The height (cm) was measured from the ground line of earthenware pots up to the tip of FG1 and FG11 clone. Similarly, the ground line basal diameter (mm) was measured.
Net photosynthetic rate (Pn), stomatal conductance (gs) and transpiration rate (E) were measured using a Li 6400 photosynthetic system (Li-Cor, Inc., Nebraska, USA). From each replication fully mature and expanded leaves of each clone were measured during the period of 1000 to 1200 h in the morning, under photosynthetic flux density of 1,000 µmol m -2 s -1 that was provided by a LED light source. The air humidity in the leaf chamber was about 60 %, with CO 2 concentration of 370-380 µmol mol -1 , with ambient air temperature of 26-28°C, and flow rate of 500 µmol s -1 .
Chlorophyll fluorescence measurements were performed during 1000 to 1100 h in the morning with the help of a portable Hansatech Plant Efficiency Analyser (Hansatech, King's Lynn, England). The leaves were pre-darkened with leaf clips for 20 min before measurement. Fluorescence was excited by red (actinic) radiation with 650 nm peak wavelength obtained from light emitting diodes. The irradiance used was 2000 µmol m
. Maxmium quantum yield of PSII was estimated by the ratio Fv/Fm = (Fm -Fo)/ Fm according to GENTY et al. (1989) .
Determination of leaf water status
After growth, gas exchange and chlorophyll fluorescence measurements, leaf discs from the same clone (FG1 and FG11) leaves were sampled. Five replicates per clone were obtained. Leaf relative water content (RWC) was calculated as (WEATHERLEY, 1950) : RWC = [(fresh weight -dry weight) ÷ (turgid weightdry weight)] Turgid weight was determined by placing samples in distilled water and maintaining them at 5°C in darkness until they reached a constant weight. Full turgor was typically reached after 12 h. Dry weight was obtained after placing the samples in an oven at 70°C for 48 h.
Determination of electrolyte leakage
Electrolyte leakage was assayed by estimating the ions leaching from leaf into distilled water (SAIRAM et al., 1998) . Five replicates per clone were obtained. Leaf material of 300 mg was taken in 10 ml of deionized water in two sets. One set was subjected to room temperature (approximately 25°C) for 4 h and its electrical conductivity (C1) was determined. The other set was kept in a boiling water bath (100°C) for 10 min and its electrical conductivity was also determined (C2). Percent electrolyte leakage was calculated as below:
Determination of photosynthetic pigments, TSP, TSS, FAA, proline, MDA content, SOD and PER enzyme activities
Fully mature and expanded leaves were randomly selected from each replication for the estimation of bio- The content of chlorophyll (Chl) 'a', 'b' and total Chl in leaves was analysed by keeping 0.1 g samples in 7 ml of dimethyl sulfoxide (DMSO) in the oven at 65°C for 2 h. Then 3 ml of DMSO was added in 1 ml of aliquot. Optical density was measured using Perkin Elmer UV/VIS spectrophotometer Lamda 25 (HISCOX and ISRAELSTAM, 1979) . The contents of Chl 'a', 'b' and total Chl were estimated by the formula given by DUXBURY and YENTSCH (1956) and MACLACHLAN and ZALICK (1963) respectively.
The content of total soluble proteins (TSP) in leaves was measured in phosphate buffer extracts at 595 nm after reaction with trichloroacetic acid (TCA) and Bradford reagent (BRADFORD, 1976) . Bovine serum albumin was used as a standard. The amount of TSP was expressed as mg g -1 FW.
Extracts from leaves were prepared as per the method described by SAWHNEY et al. (1968) , and total soluble sugars (TSS) content was estimated by the phenol-sulfuric-acid method (DUBOIS et al., 1956 ). The amount of TSS was expressed as mg g -1 DW.
Free amino acids in leaves were determined using the method suggested by LEE and TAKAHASHI (1966) . The amount of free amino acids was expressed as mg g -1 FW.
Extraction and estimation of free proline were conducted according to the procedures described by BATES et al. (1973) . The corresponding concentration of proline was determined against the standard curve processed in the same manner by using L-proline. The amount of proline in leaf samples was expressed as µmol g -1 FW.
Leaf oxidative damage to lipids was expressed as equivalents to malondialdehyde (MDA). Its content was determined as described by HODGES et al. (1999) with slight modification, for taking into account the possible influence of interfering compounds in the assay for thiobarbituric acid (TBA)-reactive substances. Leaf tissues were repeatedly extracted with 4 ml 5 % (w/v) TCA. The homogenate was centrifuged at 15,000 x g for 15 min and an aliquot of appropriately diluted sample was added to a test tube with an equal volume of either: (1) An enzyme extract for superoxide dismutase (SOD) at a cold temperature was prepared by first freezing a weighed amount of leaf sample (1 g) in liquid nitrogen to prevent proteolytic activity, followed by grinding with 10 ml of extraction buffer (0.1M phosphate buffer, pH7.5, containing 0.5mM EDTA and 1mM ascorbic acid). Brie was passed through four layers of cheesecloth and filtrate was centrifuged for 20 min at 15,000 x g, 4°C and the supernatant was used as enzyme (PROC-HAZKOVA et al., 2001) . SOD activity was estimated by recording the decrease in optical density of nitroblue tetrazolium dye by the enzyme (DHINDSA et al., 1981) . Three millilitres of the reaction mixture contained 13mM of methionine, 25mM of nitroblue tetrazolium chloride, 0.1mM of EDTA, 50mM of phosphate buffer (pH7.8), 50mM of sodiumcarbonate and 0.1 ml of enzyme. The reaction was started by adding 2 mM of riboflavine and placing the tubes under two 15W fluorescent lamps for 15 min. A complete reaction mixture without enzyme, which gave the maximal colour, served as a control. The reaction was stopped by switching off the light and placing the tubes in the dark. A non-irradiated complete reaction mixture served as a blank. The absorbance was recorded at 560 nm using Perkin Elmer UV/VIS spectrophotometer Lamda 25, and one unit of enzyme activity was taken as that amount of enzyme which reduced the absorbance reading to 50 % in comparison with tubes lacking enzyme.
Peroxidase (PER) enzyme activity was measured using guaiacol as substrate following the methods of HUSEN (2008b). The assay mixture contained 0.1 M phosphate buffer (pH 6.1), 4.0 mM guaiacol as donor, 3.0 mM H 2 O 2 as substrate, and 0.4 ml crude enzyme extract. The total reaction volume was 1.2 ml. The optical density was measured at 420 nm using a Perkin Elmer UV/VIS spectrophotometer Lamda 2S. The enzyme activity was expressed as the rate of optical density change min -1 mg -1 protein (BARNETT, 1974) .
Statistical analysis
Statistical analysis was performed with the Statistical Package for Social Sciences (SPSS) windows ® software package. The data recorded on the growth, physiological and biochemical parameters were subjected to two-way ANOVA. Means were compared by using Tukey's test at significance level P < 0.05 (the same letters indicate that means within a row or column are not significantly different at P > 0.05 level).
Results
Growth parameters, relative water content and photosynthetic traits
Plant height and basal diameter of two clones showed a significant relationship with increasing number of days since drought treatment (Table 2 and 3) . After 20 days withholding water, plant growth in terms of height of FG1 and FG11 were 1.22 % and 0.61% respectively compared to control. In contrast, basal diameter increment of FG1 and FG11 were 1.52 % and 2.07 %, respectively compared to control. The interaction effect between clone and drought treatment was significant for height increment (Table 3) .
Relative water content (RWC) of two clones progressively decreased with increasing number of days since drought treatment (Table 2) . After 20 days withholding water, compared to control, the decrease in leaves RWC was more in FG11 (51.56 %) than FG1 (49.59 %). After re-watering for 5 days, a full recovery of leaf water status was achieved in FG1 while at the same time FG11 did not show complete recovery. The interaction effect between clone and drought treatment was also significant for RWC (Table 3) .
Chlorophyll (Chl) a, b and total Chl were reduced severely with increasing number of days since drought treatment (Table 2) in both clones. After 20 days withholding water, content of Chl a in FG1 and FG11 were 47.83 % and 48.89 % respectively, compared to control. After 5 days of re-watering a full recovery in content of Chl a was achieved in FG1 while at the same time FG11 did not show complete recovery. After 20 days withholding water, in FG1, the decrease in Chl b was 48.65 %, and in FG11 was 50.00 %. However, after 5 days of rewatering, content of Chl b was fully recovered in both clones. Total Chl content, after 20 days withholding, the decrease in FG1 and FG11 were 43.82 % and 44.83 % respectively, compared to control. After 5 days of rewatering, total Chl was fully recovered in FG1 while, FG11 show partial recovery. Drought treatment significantly increased the carotenoids (Car) content in both clones. The increase in FG1 and FG11 were 78.13 % and 75.00 %, respectively. However, after re-watering for 5 days, both clones did not show complete recovery in content of Car.
Exposing 20 days of drought treatment over teak clones produced significant changes in the net photosynthetic rate (Pn), stomatal conductance (gs) and transpiration rate (E) chlorophyll fluorescence (Fv/Fm) ( Table 2 and 3). The decrease of Pn, gs and E in FG1 were 69.22 %, 82.56 %, and 72.17 %, respectively as compared to control. However, in FG11, the decrease of Pn, gs and E were 74.25 %, 86.21% and 73.33 %, respectively. FG11 was more affected by drought treatment than FG1 clones. Both clones did not show a complete recovery after 5 days of re-watering as indicated by the restitution of water status and gas exchange rates to the control values. Inhibition of photosynthetic rate was accompanied by parallel decrease in chlorophyll fluorescence (Fv/Fm). After 20 days withholding water, Fv/Fm values decreased by 22.67 % in FG1 and by 23.33 % in FG11. After 5 days of re-watering a full recovery in Fv/Fm was achieved in FG1 while at the same time FG11 did not show complete recovery ( Table 2 ). The interaction effect between clone and drought treatment was significant for Pn, gs, E and Fv/Fm ( Table 3 ).
The content total soluble protein (TSP) was sensitive to drought treatment. As shown in Table 3 , treatment with drought stress at 20 days withholding water, gradually decrease the content of TSP. Content of TSP decreased by 39.27 % and 38.81% in FG1 and FG11 clones, respectively. This decrease of TSP was more in FG11. TSP content in both clones did not show a complete recovery after 5 days of re-watering as compared to the control values. However, TSP recovery was near to the 5 days withholding water, i.e. drought treatment.
Osmotic adjustment
Exposing the teak clones to the drought treatment caused a significant change in proline, free amino acids (FAA) and total soluble sugar (TSS) content (Figure 1 and Table 3 ). The content of proline, FAA and TSS were increased progressively during the withholding water in both the clones. On 20 days, proline content increased by 87.09 % in FG1 and by 82.09 % in FG11. At the same time, FAA content increase by 60.18 % in FG1 and by Table 2 . -Growth, relative water content (RWC), net photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (E), chlorophyll fluorescence (Fv/Fm), photosynthetic pigments (Chl a, b, total Chl and Car) and protein (TSP) in two clone of Tectona grandis on the day before treatment (control), 5, 10, 15, 20 th day since the start of the drought treatment and on 5 th day of re-hydration (RHD). Values followed by the same letter indicate no significant differences at P < 0.05 level according to Tukey's test. Each value represents the mean ± SE of five replicates.
Husen·Silvae Genetica (2010) 59.34 % in FG11. After 5 days of re-watering, both clones show a complete recovery in content of proline. While, FG11 shows incomplete recovery in FAA content as compared with the control. In terms of recovery, the value of FAA content in FG11 was near to the 5 days withholding water, i.e. drought treatment. Drought treatment also, leads to an increase in TSS content by 27.36 % in FG1 and by 26.81% in FG11. After 5 days of re-watering, both FG1 and FG11 teak clones did not show a complete recovery. However, TSS content recovery situation was near to the 5 days withholding water.
Electrolyte leakage and leaf oxidative damage
To evaluate the drought stress-induced oxidative damage to membranes, the electrolyte leakage, which is an indicator of lipid peroxidation, and malondialdehyde (MDA) which is a product of lipid peroxidation, were determined. Due to exposure of drought treatment caused a significant increase in electrolyte leakage as well as MDA (Figure 2 and Table 3 ). The increase in electrolyte leakage in FG1 was found 72.29 %, while in FG11 accumulated 89.05 % as compared with the control. However, after re-watering for 5 days, FG11 clones did not show complete recovery. Further there was a significant interaction effect between clone and drought treatment in electrolyte leakage from the leaves of teak ( Table 3 ). The increase MDA content was noticed by 172.73 % in FG1 and by 182.78 % in FG11, after 20 days withholding water. Both FG1 and FG11 clones shows a complete recovery after 5 days of re-watering as compared to the control values of MDA content.
Enzymatic antioxidant activities
The significant drought treatment responses on activities of superoxide dismutase (SOD) and peroxidase (PER) enzymes were noted in both FG1 and FG11 clones ( Figure 3 and Table 3 ). After 20 days withholding water resulted in elevated expression of SOD activity by 67.50 % and 64.12 % for FG1 and FG11 clone, respectively. After 5 days of re-watering, FG1 had higher SOD antioxidant activity than FG11 clones and did not show a complete recovery as compared with the control. Similar trend of variation was noticed for PER activity, it increased by 27.53 % and 25.44 % in FG1 and FG11 clone, respectively. After 5 days of re-watering, FG11 clone show a complete recovery, while FG1 was not fully recovered. However, in FG1 clone, the PER activity recovery was near to the 5 days withholding water condition. Both SOD and PER antioxidant activity was found higher in FG1 clones during the drought treatment and also after 5 days of re-hydration.
Discussion
The availability of water is one of the major limiting factors for normal plant growth. Plants growing in tropical climate often face certain degree of drought stress. As a result, it influences plant growth by affecting cell division, enlargement and differentiation and also the plant genetic make-up (PATEL and GOLAKIA, 1988) . In the present study, drought stress significantly slows down and reduced the plant height and basal diameter in both the clone of teak. This may be due to the avoidance mechanism through adjustment of plant growth rate or decreased rate of photosynthesis. Reduction in terms of growth was obtained for many other plant species (ZHANG et al., 2005; YIN et al., 2005; XIAO et al., 2009) . In this study, RWC in leaves decreased significantly. However, RWC was more reduced in FG11 than FG1 clone. After 5 days of re-hydration FG11 did not show complete recovery, this suggests that FG1 needs Table 3 . -ANOVA result on the effect of clone, drought treatment and their combination on various growth, physiological and biochemical parameters (MSS mean square value; * and ** significance level at P < 0.05 and P < 0.01 respectively; ns non significant).
Husen·Silvae Genetica (2010) 59-2/3, 124-136 DOI:10.1515/sg-2010-0015 edited by Thünen Institute of Forest Genetics lower RWC maintenance. Drought stress-induced decrease in RWC has been reported in many previous studies (DUAN et al., 2005; ELSHEERY and CAO, 2008; XIAO et al., 2009) .
The contents of photosynthetic pigments in plants subjected to drought stress are known to decline (DUAN et al., 2005; ELSHEERY and CAO, 2008) . Drought condition decreased the chlorophyll content considerably in both the teak clones. This may be due to reduction in the lamellar content of the light harvesting Chl a/b protein that accounts for the elevated Chl a/b ratio (2.8:4.5) and/ or due to water stress-induced decrease in the availability of mineral nutrients, and/or to the damages to chloroplasts by ROS, and or either slow synthesis or Figure 1 . -The content of free amino acids (FAA), proline and total soluble sugars (TSS) in two clones of Tectona grandis (FG1 white bars and FG11 gray bars) on the day before treatment (Control), 5, 10, 15, 20 th day since drought treatment and 5 th day since re-hydration (RHD). Values followed by the same letter indicate no significant differences at P < 0.05 level according to Tukey's test. Each value represents the mean ± SE of five replicates.
Husen·Silvae Genetica (2010) (KHANNA-CHOPRA et al., 1980; ASHRAF, 2003) . However in contrast, carotenoid contents significantly increased in both FG1 and FG11 clones. This confirm to earlier report on Populus cathayana, where under moderate drought stress carotenoids contents was increased (XIAO et al., 2008) . The carotenoids content has essential functions in photosynthesis and photoprotection. In addition to structural roles, they are well known for their antioxidant activity by quenching 3 Chl and 1 O 2 , inhibiting lipid peroxidation, and stabilizing membranes (DEMMIG-ADAMS and ADAMS, 1992; FRANK and COGDELL, 1996; NIYOGI, 1999) . Carotenoids also play a critical role in the assembly of the light-harvesting complex and in the radiationless dissipation of excess energy (STREB et al., 1998; MUNNÉ-BOSCH and ALEGRE, 2000) .
In the present study, Pn, gs, E decreased significantly under drought stress. Reductions in the photosynthetic activity induced by drought were first triggered by stomatal closure, resulting in limitation of ambient CO 2 diffusion to the mesophyll and thus reduction of photosynthesis. Further, results showed that gs was more sensitive in response to drought treatment before the change in the leaf water content is detectable, as has been also shown in other species (GOLLAN et al., 1985; SOCÍAS et al., 1997) . This reveals that these teak clones employ the physiologically drought-avoidance strategy (GULIAS et al.. 2002) . At later stage of drought treatment, the Pn reduction may be caused by both stomatal and nonstomatal mechanisms (EPRON et al., 1992; MAXWELL and JOHNSON, 2000) . After 5 days of re-watering, gas exchange parameters did not show a complete recovery may be due to limitation of stomatal and mesophyll conductance and biochemical limitations . In many species, PSII is quite resistant to drought (GENTY et al., 1987; CORNIC et al., 1992) . Maximum quantum yield of PSII (Fv/Fm) did not change significantly under moderate drought stress in both clones, indicating no photodamage to PSII reaction centers (FOYER et al., 1994) . After 5 days of re-watering, both clones showed rapid recovery in Fv/Fm in parallel with that of Pn. However, FG1 teak clones recovered completely, but FG11 was recovered only up to the moderate drought stress treatment, i.e. 5 days of drought treat- ment. Therefore, this indicated no irreversible damages to photosynthetic reaction centers occurred. After 20 days withholding water, the FG1 clone quickly recovered in a few days (5 days) and FG11 clones are very near to recovery. Moreover, the recovery of photochemistry and down regulation of heat dissipation occurred in the short period. The role of stomatal closure and biochemical processes in decreasing net photosynthetic rates during drought stress is well established. The same hold also in teak clones when drought treatment varies from 0 to 20 days of treatment and after re-hydration. The drought stress-dependent decrease in the content of soluble proteins in the FG1 and FG11 clones studied could be due to enhanced degradation of proteins as a result of protease activity (PALMA et al., 2002) and polysome activity and/or due the generation of ROS (BAISAK et al., 1994; KRAMER and BOYER, 1995) . Excess light energy can enhance production of free oxygen radicals, which lead to peroxidation of fatty acids in cell membranes (PARKIN et al., 1989; FOYER et al., 1994) . In the present study, drought stress-induced considerable damage on the cellular membranes in both clones is assessed by lipid peroxidation and electrolyte leakage. Increased electrolyte leakage percentage and higher content of MDA, which is the product of membrane lipid peroxidation, were found in the leaves of the teak clones after drought treatment. However, increase in electrolyte leakage percentage was more pronounced in FG11 clones than FG1. This increase in cellular damage appeared to reflect impairments in the equilibrium between the ROS production and antioxidant defence systems, which also indicated that photoprotection and antioxidant substances were not sufficient enough to protect against cell membrane damage caused by ROS. Drought stress-induced damage on the cellular membranes has been reported also in many previous studies DUAN et al., 2005; ELSHEERY and CAO, 2008; XIAO et al., 2009 ).
The physiological mechanisms that allow a species to tolerate prolonged periods of drought stress can involve numerous attributes including the accumulation of osmotically active solutes (free amino acid, proline and total soluble sugar), so that turgor and turgor-dependent processes may be maintained during the episodes of dry-down. In this study, FAA content increased under drought treatment, as compared with control. This conforms to earlier reports of YADAV et al. (2005) and MANI- VANNAN et al. (2007) . Accumulation of amino acids may be due to the hydrolysis of protein and may occur in response to the change in osmotic adjustment of cellular contents (GREENWAY and MUNNS, 1980) , an important mechanism that alleviates some of the detrimental effects of water-deficit stress (MORGAN, 1984) . Accumulation of free amino acids under water deficit stress indicates the possibility of their involvement in osmotic adjustment, as reported earlier (YADAV et al., 2005; MANIVANNAN et al., 2007; ANJUM et al., 2008) . The content of proline, a protective solute in teak leaves increased due to drought treatment in both the clones studied. Proline is an amino acid and known to act as an osmolyte, protecting the plasma membrane integrity (MANSOUR, 1998) , as a sink of energy or reducing power (VERBRUGGEN et al., 1996) , as a scavenger of ROS and their derivatives (HONG et al., 2000; BASHIR et al., 2007) and as a source for carbon and nitrogen (PENG et al., 1996) , and thereby helping the plants to tolerate stress effects (MANIVANNAN et al., 2007) . In the present teak clonal materials proline accumulation thus appears to be related to mechanisms associated with tolerance to desiccation (MANIVANNAN et al., 2007) . Drought treatment also enhanced the accumulation of other compatible solute such as total soluble sugars in both clones. This was in agreement with the results observed in other studies (ELSHEERY and CAO, 2008; XIAO et al., 2009) . Correlation between sugar accumulation and osmotic stress tolerance has been widely reported, including transgenic experiments (CHAVES et al., 2003; BARTELS and SUNKAR, 2005) . Sugars have different functions in plants from energy storage to signaling, and plants utilize several sugar-based strategies to adapt to environmental stresses (ANDERSON and KOHORN, 2001; CHAVES et al., 2003) . The current hypothesis is that sugars act as osmotica and/or protect specific macromolecules and contribute to the stabilization of membrane structures (BARTELS and SUNKAR, 2005) . Generally, soluble sugar content tends to be maintained in the leaves of drought-stressed plants, although rates of carbon assimilation were partially reduced. The maintenance of soluble sugar content may be achieved at the expense of starch which drastically declines (CHAVES, 1991) . Increase in soluble sugar contents through inversion of some carbohydrates may contribute to enhanced desiccation tolerance and allows metabolic activity to be maintained. Overall, in general the higher accumulation of compatible solutes was found in FG1 teak clones.
A variety of abiotic stresses, including drought caused molecular damage to plant cells either directly or indirectly through the formation of ROS. Drought stressinduced generation of ROS triggers activation of components of antioxidative defence system of plants, which comprises both enzymatic and non-enzymatic low molecular weight antioxidants. In the present study, during drought treatment SOD activity continually increased and PER activity also activated in both FG1 and FG11 clones. However the observed higher antioxidant activities of SOD and PER were fond more in the FG1 clones. This results show that the FG1 clones has stronger ability of scavenging ROS to defence stress/or stronger tolerance capacity (SOFO et al., 2004) . This fact is re-inforced by the lower levels of lipid peroxidation and electrolyte leakage in the FG1 than those in the FG11 clones. Therefore, the ability to increase the antioxidant SOD and PER activity in order to limit cellular damages might be an important attribute linked to the FG1 clones.
In conclusion, the responses of the two teak clones to drought stress were investigated through some important morphological, physiological and biochemical processes. The results indicate that drought stress causes a pronounced slow down of growth, decreased leaf water status, chlorophyll pigments, soluble protein and increased carotenoids contents and cellular damage in both clones. The rate of photosynthesis, stomatal conductance, transpiration rate and chlorophyll fluorescence in FG1 and FG11 clones were also effectively decreased due to drought stress. Drought stress-induced increased accumulation of osmotically active solutes such as proline, free amino acids and soluble sugars were observed. In addition, antioxidant systems including SOD and PER were also activated by drought treatment. On the other hand, there were significant different responses to drought treatment between the two clones of T. grandis. In comparison, FG1 teak clones (high rejuvenation capacity) showed higher resistance to drought than FG11 (low rejuvenation capacity) clones because of stronger photoprotection, osmotic adjustment, less ion leakage during cellular damage and higher activity of antioxidative enzymes in response to drought treatments. Further, both teak clones showed the stable maximum photochemistry during 20 days of withholding and rapid recovery in photochemistry in a few days (5 days) after rehydartion, indicating both clones are quite drought-tolerant on the other hand. Moreover, these differences in drought responses also provide some useful clues for teak improvement programme and may be useful in breeding or genetic engineering for their tolerance to drought stress.
